Nematode parasitism is a worldwide health problem resulting in malnutrition and morbidity in over 1 billion people. The molecular mechanisms governing infection are poorly understood. Here, we report that an evolutionarily conserved nuclear hormone receptor signaling pathway governs development of the stage 3 infective larvae (iL3) in several nematode parasites, including Strongyloides stercoralis, Ancylostoma spp., and Necator americanus. As in the free-living Caenorhabditis elegans, steroid hormone-like dafachronic acids induced recovery of the dauer-like iL3 in parasitic nematodes by activating orthologs of the nuclear receptor DAF-12. Moreover, administration of dafachronic acid markedly reduced the pathogenic iL3 population in S. stercoralis, indicating the potential use of DAF-12 ligands to treat disseminated strongyloidiasis. To understand the pharmacology of targeting DAF-12, we solved the 3-dimensional structure of the S. stercoralis DAF-12 ligand-binding domain cocrystallized with dafachronic acids. These results reveal the molecular basis for DAF-12 ligand binding and identify nuclear receptors as unique therapeutic targets in parasitic nematodes.
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dafachronic acid ͉ parasitology ͉ pharmacology ͉ X-ray crystal structure P arasitic nematodes constitute a large family of pathogens that infect hosts ranging from plants and animals to people, causing great economic loss and worldwide health threats (1, 2) . One of the most problematic parasites, Strongyloides stercoralis, is estimated to infect 100-200 million people. Primary infections are often asymptomatic and clinically silent in immunocompetent individuals. However, once the immune system is compromised (e.g., by corticosteroid therapy), the parasite establishes autoinfection cycles that result in a frequently fatal disseminated strongyloidiasis (3, 4) . Hookworms (Ancylostoma and Necator spp.) are other parasitic nematodes that affect Ͼ1 billion people and are the dominant cause for iron-deficient anemia worldwide (2) . Oral administration of anthelmintics such as benzimidazoles (microtuble toxins) and ivermectin (a neurotoxin) is currently the preferred treatment for nematode infections (5). However, no reliable options exist for treating the more severe form of disseminated strongyloidiasis (6) . Moreover, resistance to the anthelmintics has become widespread in animals and is beginning to occur in humans (2, 7) . Therefore, studying the mechanisms that govern nematode life cycles is an attractive approach to identifying new therapeutic targets.
Infection of hosts by parasitic nematodes is mediated by infective larvae, which in S. stercoralis and hookworm are the third stage or L3 larvae (iL3) (4, 5) . Interestingly, iL3 larvae resemble the dauer larvae of the free-living nematode Caenorhabditis elegans in that they are all nonfeeding, developmentally arrested, dormant filariform larvae with a sealed buccal capsule and thickened body wall cuticle, enabling them to survive environmental challenges (8) . Like C. elegans dauer larvae, iL3 recover from their arrested development once they enter a proper environment (i.e., their respective hosts) (9) . To date, the molecular mechanisms controlling the recovery of iL3 parasites are poorly understood.
In C. elegans, dauer diapause is controlled by endocrine signals in response to environmental cues. In favorable environments, reproductive development requires an insulin/ IGF-1 (II-S) and TGF␤ signaling network that converges on a downstream steroid hormone-nuclear receptor signaling pathway mediated by the nuclear receptor DAF-12 (10). Previously, we have shown that steroid hormones named dafachronic acids (DAs), which are de novo synthesized from dietary sterols by the cytochrome P450 DAF-9, activate DAF-12 and promote dauer recovery in C. elegans (11) . For parasitic nematodes, it has also been reported that the induction by the host of the II-S pathway is essential for iL3 recovery (12, 13) . Based on the similarities between free-living and parasitic worms, we hypothesized that the steroid hormone/ nuclear receptor signal (i.e., DA/DAF-12) would also be conserved and control the dauer-like iL3 diapause in parasitic nematodes (Fig. 1A) . In the present study, we identified the DAF-12 orthologs in several parasitic species and showed that these receptors respond to DAs. Remarkably, administration of DAs caused a significant proportion of worms in the postfree-living generation of S. stercoralis to form supernumerary free-living but unviable stage 4 larvae. There was a corresponding and profound reduction in the population of the pathogenic S. stercoralis iL3, suggesting that these compounds or their congeners might be used as a new class of drugs for treatment of disseminated strongyloidiasis. Finally, we report the X-ray crystal structure of the DAF-12 ligand-binding domain for S. stercoralis. The structural basis for ligand binding to DAF-12, which represents one of the hundreds of nuclear receptors found in nematodes, should provide a powerful tool for drug development.
Results

DAF-12
Homologues in Parasitic Nematodes. Based on the hypothesis that iL3 and dauer represent homologous stages in nematode development (Fig. 1 A) , we investigated whether iL3 diapause is regulated by a DAF-12-like nuclear receptor. We analyzed the parasitic nematode genome database (www.nematode.net) and subsequently cloned full-length cDNAs encoding DAF-12 orthologs from S. stercoralis (14) (ssDAF-12) and the dog hookworm Ancylostoma caninum (acDAF-12). We also cloned partial cDNAs encoding aa 378-686 of the panspecific hookworm Ancylostoma ceylanicum DAF-12 ligand-binding domain (aceDAF-12) and aa 274-686 of the human hookworm Necator americanus (naDAF-12). These cDNAs shared significant identities with C. elegans DAF-12 (ceDAF-12) in their corresponding DNA and ligand-binding domains (Fig. 1B and  Fig. S1 ). Notably, all of the parasitic DAF-12s exist in iL3 cDNA libraries, indicating their physiological expression in the dauerlike larvae.
Parasite DAF-12s Are Activated by DAs. We tested whether ⌬4-DA and ⌬7-DA can activate the parasitic DAF-12s in a fashion similar to that observed with C. elegans DAF-12 (11) . We found both ⌬4-and ⌬7-DAs activated Gal4-DAF-12 chimeras when tested in cell-based cotransfection assays (Fig. 2 A-C) . Full-length hookworm acDAF-12 was also able to induce reporter gene expression driven by a promoter containing DAF-12 response elements from the lit-1 kinase promoter (15) , showing that the DNA-binding domain is functional (Fig. 2D ). Unlike the hookworm DAF-12 constructs, the corresponding S. stercoralis DAF-12 does not express well in mammalian cells. Therefore, we generated an alternative chimeric expression construct in which the N terminus of ceDAF-12 (including the DNA-binding domain) was fused to the C-terminal ligand-binding domain of ssDAF-12. This hybrid receptor (cessDAF-12) is expressed in cell culture and was capable of robust activation of the lit-1 kinase reporter by both DAs (Fig. 2E) . The EC 50 for activation of the parasite DAF-12s ranged from 25-147 nM for ⌬7-DA and 130-294 nM for ⌬4-DA. This rank order of potency is similar to that observed for ceDAF-12 (16) . Importantly, activation by DAs could be abolished by mutating the conserved arginine that has been shown to be critical for ligand activation in ceDAF-12 ( Fig. 2E and ref. 11) . We also used a mammalian 2-hybrid assay to monitor the interaction between the parasite DAF-12s and the receptor interaction domains of the coactivator SRC-1 (SRC1-ID4) and the corepressor Din-1S (Din-1S RID, identified in Fig. S2 ). As predicted, upon DA treatment the interaction with Din-1S is compromised and that with SRC-1 is induced ( Fig. 2 F-H) .
Finally, to prove that DAs directly bind parasitic DAF-12s, we used an in vitro ligand-binding assay that detects agonist-induced interactions between receptor and coactivator peptides containing the LXXLL motif (11) . We found that both ⌬4-DA and ⌬7-DA bind directly to all parasitic DAF-12s ( Fig. 2I ), providing unequivocal evidence that DAs act as classical nuclear receptor ligands.
Ligand-Binding Domain Structure. To provide insight into the biochemistry and pharmacology of DAF-12 ligand binding, we solved the X-ray crystal structure of the ssDAF-12 ligand-binding domain complexed with a coactivator LXXLL peptide and both DAs ( Fig. 3A and Table S1 ). The overall architecture of the ssDAF-12 ligand-binding domain is similar to other members of the nuclear receptor family (17) . It consists of 13 ␣-helices and 3 ␤-sheets, which are packed in a 3-layer ␣-helical sandwich to create a ligand-binding pocket where DAs are embedded (gray structures). Instead of having a characteristic loop between helices (H) 7 and 8, a unique feature of ssDAF-12 is a short H7Ј ␣-helix (yellow in Fig. 3 A) . The ssDAF-12 ligand-binding domain contains a typical nuclear receptor activation function-2 helix (AF-2) that adopts a characteristic ''active'' conformation (shown in pink) as a consequence of its interaction with the coactivator LXXLL peptide (SRC1-4 shown in red, Fig. 3A ).
As in mammalian nuclear receptors that bind steroid hormones, the ligand-binding pocket of ssDAF-12 is relatively small (517Å 3 for ⌬4-DA and 548 Å 3 for ⌬7-DA), consistent with the high specificities and affinities of ligand binding. Within the pocket, the lipophilic steroidal rings of DAs are surrounded by nonpolar residues (Fig. 3 B and C, shown in yellow), which create a hydrophobic environment critical for the binding of DAs. As evidenced experimentally, introducing a single charged residue (W611R) eliminated receptor activation (Fig. 3G) . The 2 polar groups of DAs are also determinants for ligand recognition: Oxygen atoms from the C 3 -ketone (arrow) and the C 27 carboxyl groups (arrowhead) accept hydrogen bonds (H-bonds) donated by polar side chains of various residues in Fig. 3 B and C. Disrupting the H-bonds by either mutating the side chains (Q637E and R599K/M in Fig. 3G ) or by using DA precursors that lack the C 27 carboxyl-groups (Fig. S3 ) compromised receptor activation. It is noteworthy that the C 27 carboxyl group of ⌬7-DA forms 3 H-bonds with ssDAF-12 whereas the C 27 carboxyl group of ⌬4-DA only forms 2 H-bonds (a third H-bond is formed with a water molecule) of weaker strength as indicated by the longer bond lengths with T562 and R599 (Fig. 3 D and E) . This difference may help explain why ⌬4-DA is a less potent ligand. However, because ⌬4-DA is also less efficacious than ⌬7-DA under every conditioned examined, effects other than the ligand's affinity may contribute to the receptor's response to different ligands.
Residues outside of the pocket also contribute to ligand binding. Mutation of an arginine conserved in all DAF-12s (R565 in Fig. 3F ) disrupted DAF-12 activation by DAs (Fig. 2  A-E, and ref. 11 ). Although this residue in ssDAF-12 does not interact with DAs directly, it stabilizes ligand binding by forming H-bonds with the loop region that crosses over the pocket opening (Fig. 3F) , thereby functioning as a ''lid'' to capture the ligand.
Next, we addressed whether the mechanism of ligand binding revealed in the ssDAF-12 structure is conserved in other DAF12s. In addition to the conserved arginine that is essential for DA activation (Fig. 2 A-E) , residues involved in ligand recognition are conserved in all DAF-12s (Fig 3 A-F and Fig. S1 ). As in ssDAF-12, introducing a single charge into a hydrophobic residue in the core of the pocket (W611R in ssDAF-12, W544R in acDAF-12, F610R in ceDAF-12) abolished receptor activation in all DAF-12s when analyzed in a cotransfection assay (Fig. 3 G-I) . However, disruption of residues involved in H-bonding impaired receptor activation in a species-specific manner (compare ss-DAF-12 residues Q637E and R599K/M in Fig. 3G to homologous acDAF-12 residues Q571E and R532K/M in Fig. 3H , and ceDAF-12 residues Q638E and R598K/M in Fig. 3I ). These findings indicate that DAF-12s bind with DAs through mechanisms that, although similar, also have distinct pharmacological properties.
DAF-12 Activation Induces iL3
Recovery. DAs induce dauer recovery in C. elegans by activating DAF-12 (11) . Therefore, we tested whether DAF-12 activation in parasitic nematodes has similar effects. Resumption of feeding is a hallmark for iL3 larvae to recover from the dauer-like stage when they enter their host. This developmental reactivation can be induced experimentally by providing serum with glutathione (GSH) or S-methyl glutathione (GSM) and working through a mechanism that stimulates the II-S pathway (9, 12, 13) . When tested on the iL3 stage of 2 hookworm species and S. stercoralis, the 2 DAs induced all of these parasitic larvae to start feeding in a dose-dependent manner (Fig. 4 A and B and Fig. S4 ). In contrast, 4-cholesten-3-one and lathosterone, the metabolic precursors of ⌬4-and ⌬7-DA that do not activate DAF-12, failed to do so. For Ancylostoma spp., a further sign of host-induced iL3 recovery is the secretion of proteins (ASP-1 and ASP-2) that interact with the host's immune system (18, 19) . As shown in Fig. 4C , DAs stimulated the secretion of the pathogenesis-related proteins that are also induced upon treatment with serum and GSH. These results demonstrate that DAF-12 is a key molecular switch that initiates development in parasitic nematodes.
In C. elegans, the cytochrome P450 DAF-9 is required for environmental stimuli to induce dauer recovery. To test whether a similar pathway exists in parasitic nematodes, we used keto- conazole, a broad-spectrum inhibitor for P450s that is known to block steroid hormone synthesis in mammals (20) . Ketoconazole completely abolished iL3 recovery induced by serum/GSM and this inhibition was overcome by pharmacological supplementation of ⌬7-DA (Fig. 4D ), suggesting that a P450 is required for parasitic nematodes' response to host stimuli. Although to date we have been unable to isolate a DAF-9 homolog from any of the parasitic nematodes, in A. caninum we discovered a partial cDNA encoding a homolog of DAF-36 (Fig. S5) , a rieskeoxygenase that in C. elegans is required for generation of the endogenous ligand ⌬7-DA (21). Interestingly, DA did not restore iL3 recovery when the II-S pathway was inhibited by a PI3-kinase inhibitor (LY in Fig. 4D ), implying that, as in C. elegans, other outputs from II-S-such as FOXO proteins-collaborate with DAF-12 to achieve iL3 regulation (11) . These data support the hypothesis that a conserved steroid hormone/nuclear receptor signaling pathway controls dauer/iL3 recovery in both C. elegans and parasitic nematodes (Fig. 1 A) .
⌬7-DA Blocks iL3 Larval Development. In addition to stimulating dauer recovery when bound by ligands, DAF-12 is required for entry into dauer when it is not bound to ligand by acting as a transcriptional repressor of target genes that favor reproductive development (10, 22) . We tested whether loss of this repression by activating DAF-12 early in development of parasitic nematodes would impair iL3 formation. Unlike hookworm, whose progenies directly develop into iL3 larvae in each generation, S. stercoralis has an alternative, indirect route in which one generation of the free-living life cycle is completed before iL3 progenies are formed (Fig. 5A ). This unique feature of S. stercoralis permitted us to obtain synchronized parasite populations for testing. Remarkably, when progenies of the free-living generation of S. stercoralis were treated with ⌬7-DA, 88% of the parasites failed to develop into filariform iL3 larvae compared with only 3% when treated with vehicle (Fig. 5B) . Importantly, this population of DA-treated larvae developed instead into rhabditiform, molting-defective larvae (Fig. 5 C-E) , which, under continuous exposure to exogenous DA, died within a few days (Table S2 ). The inability of ⌬7-DA to fully rescue the iL3 stage is consistent with its partial agonist activity on ssDAF-12 relative to ceDAF-12 (Fig. S6) . Interestingly, ⌬4-DA had no significant effect on reducing the iL3 population, consistent with the finding that it has even weaker DAF-12 agonist activity ( Fig.  2E and Fig. S6 ). These findings suggest that ⌬7-DA or a similar congener may have therapeutic utility in the treatment of disseminated strongyloidiasis by preventing iL3 development and therefore terminating the life cycle of S. stercoralis. From an evolutionary standpoint, differential regulation of development by DAF-12 orthologs and their dafachronic acid ligands in free-living nematodes such as C. elegans, in strongyloid species with alternate free living cycles, and in obligate parasites such as hookworms that lack free-living life-cycle alternatives, may recapitulate biochemical adaptations that have occurred during the evolution of parasitism in the nematodes.
Discussion
In the life cycle of parasitic nematodes, recovery of the dauerlike, iL3 larvae after host infection is a poorly understood but essential developmental process. Previous work has shown that successful infection is governed by a variety of host stimuli, including temperature, CO 2 concentration, and serum (9) . All of these factors require an insulin-like signaling pathway referred to as II-S (12, 13); however, the downstream transducers of this pathway have not been identified (12, 13) . In the present study, we describe the existence of a conserved steroid hormone signaling pathway in parasitic nematodes that is mediated by the nuclear receptor DAF-12 and controls the progression of the parasite's infectious stage, a process that is homologous to C. elegans dauer recovery. As part of this study, we identified the C. elegans orthologs of DAF-12 in several parasitic nematodes and showed that they bind DA ligands, which in turn stimulate iL3 recovery. Furthermore, we showed DAF-12 activation rescues the serum-induced iL3 recovery that is impaired by P450 inhibition, supporting the notion that within parasitic nematodes, as in C. elegans, P450s are involved in the production of DAF-12 ligands and are under the regulation of the insulin-like, II-Ssignaling pathway. Moreover, we characterized the 3-dimensional structure of the ssDAF-12 ligand-binding domain and thereby showed the biophysical basis for ligand activation. Our work is consistent with a recent study showing that this hormonal control of dauer/iL3 diapause also exists in other nematode species (23) . From a pharmacological perspective, several aspects of the parasitic DAF-12 pathway are worth highlighting. First, despite the conservation of the pathway with C. elegans and their ability to respond to DAs, parasitic DAF-12 orthologs are not identical among species but share between 42% and 58% similarity in their ligand-binding domains. These differences likely explain the higher concentrations required for ⌬4-DA and ⌬7-DA activation of parasite versus C. elegans DAF-12. The sequence differences in the various DAF-12 ligand-binding domains and their relative affinities for ⌬4-DA and ⌬7-DA suggest that the physiologic ligands for parasite DAF-12s may also vary slightly from species to species. Further support for this notion comes from our inability to identify sequence homologs of the P450 enzyme DAF-9 in the current parasite gene databases or by low-stringency cDNA screening efforts. Interestingly, we were able to identify in A. caninum a homolog of DAF-36, one of the enzymes required for synthesis of a DAF-9 substrate that is the immediate precursor to ⌬7-DA (21) . This observation raises the intriguing possibility that parasites lack DAF-9 altogether. One interpretation of this finding would suggest that parasitic nematodes are unable to complete the terminal enzymatic step in DAF-12 ligand synthesis autonomously and instead must rely on a host-specific enzyme for this purpose. Although it remains to be proven, this hypothesis provides an attractive explanation as to why host-specific factors are required for iL3 recovery.
A second discovery from this work that has important pharmacologic implications is the ability of ⌬7-DA to dramatically reduce the iL3 population in S. stercoralis. As observed during dauer recovery in C. elegans, DAF-12 activation in both S. stercoralis and hookworm mediated iL3 recovery. However, as a weak agonist for parasite DAF-12s, ⌬7-DA did not commit the nematode to a complete recovery of its reproductive development but instead resulted in molting-defective larvae that terminated the parasite's lifecycle. A similar effect of partial DAF-12 activation was also observed during C. elegans dauer rescue when using low doses of DAs (Fig. S7 and ref. 11) . These findings provide a strong therapeutic rationale for using selective DAF-12 modulators to block iL3 recovery, a strategy that would be strikingly similar to the use of selective estrogen and progesterone modulators in oral contraception. 
